Mammalian skin is innervated by diverse, unmyelinated C fibers that are associated with senses of pain, itch, temperature, or touch. A key developmental question is how this neuronal cell diversity is generated during development. We reported previously that the runt domain transcription factor Runx1 is required to coordinate the development of these unmyelinated cutaneous sensory neurons, including VGLUT3
Introduction
The dorsal root ganglia (DRGs) contain neurons transmitting sensory information related to pain, itch, temperature, and touch and their individual subtypes can be distinguished by differential expression of molecular markers. Expression of MrgprD, a G-protein-coupled receptor, marks neurons required to sense light punctate mechanical pain and chemical itch evoked by ␤-alanine Cavanaugh et al., 2009; Rau et al., 2009; Liu et al., 2012) . MrgprB4 ϩ c-mechanoreceptors detect massage-like stroking (Vrontou et al., 2013) . MrgprA3 ϩ nociceptors are dedicated to itch Han et al., 2013) . The fourth group is the low-threshold c-mechanoreceptors (CLTMs) that are marked by the coexpression of vesicular glutamate transporter 3 (VGLUT3), tyrosine hydroxylase (TH), and the cytokine TAFA4 (Seal et al., 2009; Delfini et al., 2013; . Finally, neurons expressing the transient receptor potential channels, such as TRPM8 and TRPV1, respond to cold and heat stimuli, respectively (Julius, 2013) . A challenge in developmental biology is understanding how such cell diversity is generated during development.
The past decades have seen progress in characterizing genetic programs controlling sensory neuron development. C-fiber neurons associated with pain, itch, and thermal sensations are formed during a late wave of neurogenesis (Ma et al., 1999; Bachy et al., 2011; Liu and Ma, 2011; Lallemend and Ernfors, 2012) . These neurons are initially marked by the expression of the nerve growth factor receptor TrkA and the runt domain transcription factor Runx1 Lallemend and Ernfors, 2012) .
During perinatal and postnatal development, Runx1 expression is switched off in ϳ50% of these neurons. Functionally, Runx1 is required for the development of a cohort of sensory neurons that preferentially innervate the skin epidermis and hair follicles (Chen et al., 2006; Yoshikawa et al., 2007; Yang et al., 2013; Moqrich, 2014) , as summarized in Figure 1A .
However, it remains poorly understood how distinct Runx1-dependent cutaneous sensory neuron subtypes are segregated. Several transcription factors, including Brn3a, Islet1, Tlx3, and ZBTB20, also play a role in controlling sensory channels and receptors (Sun et al., 2008; Dykes et al., 2010; Lopes et al., 2012; Zou et al., 2012; Ren et al., 2014) ; however, all of them are expressed in most, if not all, DRG neurons, so this does not explain how modality-selective sensory subtypes develop.
Here, we report our findings that a Runx1-dependent transcription factor, Zfp521, is expressed in one type of Runx1-dependent neurons: VGLUT3 ϩ CLTMs. The Zfp521 gene encodes a protein composed of 1311 amino acids and 30 Kruppel-like zinc fingers, which has been implicated in controlling bone, adipocyte, and neural development (Hesse et al., 2010; Kamiya et al., 2011; Kang et al., 2012) . We demonstrate that Runx1 and Zfp521 form incoherent feedforward loops (I-FFLs) to control the segregation of CLTMs versus MrgprD ϩ nociceptors. In addition, Runx1 might form other I-FFLs to control the segregation of CLTMs from MrgprA3 ϩ pruriceptors. Our studies therefore provide insight into the mechanisms that govern the emergence of sensory neurons processing distinct modalities.
Materials and Methods
Animals. The generation of Runx1 floxed mice (Growney et al., 2005) , ROSA26-CAG-LSTOPL-tdTomato reporter mice (Madisen et al., 2010) , MrgprD-GFP mice , MrgprD-Cre mice (Rau et al., 2009) , and MrgprA3-Cre mice (Han et al., 2013) has been described previously. The generation of Vglut3-Cre mice was described previously by the Bradford B. Lowell group. The generation of Zfp521 floxed mice will be described in the next section. Genotyping was done by PCR. The following PCR primers were used for the Runx1 mutant and wild-type allele: 5Ј-GAG TCC CAG CTG TCA ATT CC-3Ј and 5Ј-GGT GAT GGT CAG AGT GAA GC-3Ј, with the floxed allele producing a larger size of DNA band; for the Vglut3-Cre allele, 5Ј-TAT CTC ACG TAC TGA CGG TG-3Ј and 5Ј-AGA CTA ATC GCC ATC TTC CAG C-3Ј; for the ROSA26-CAG-LSTOPL-tdTomato allele, 5Ј-GGC ATT AAA GCA GCG TAT CC-3Ј and 5Ј-CTG TTC CTG TAC GGC ATG G-3Ј. Both females and males were used for the studies and all animal procedures were conducted with protocols approved by the animal care and use committees at Dana-Farber Cancer Institute and Hangzhou Normal University.
Gene targeting in embryonic stem cells and generation of Zfp521 floxed mice. To generate Zfp521 conditional knock-out mice, the 12 kb genomic DNA fragment containing Zfp521 exon 4 was subcloned from a BAC clone using the recombination system developed by Liu et al. (2003) . A Neo cassette flanked with LoxP sites was targeted upstream of exon 4 and subsequent excision of the Neo cassette by Cre-mediated recombination leaves behind a single loxP plus a Pac1 restriction enzyme site upstream of exon 4. A new Neo cassette flanked with FRT sites and a downstream LoxP site was then targeted to the region 3Ј to the exon 4. A diphtheria toxin (DTA) cassette located at the 3Ј end of the recombination arm was used to drive the expression of the DTA for negative selection. Upon linearization, this targeting vector was electroporated into the J1 embryonic stem (ES) cell line (derived from 129Sv/J mouse strain), with G418 included in the culture medium for positive selection. Long-range PCR amplification was performed to screen for targeted ES clones and the targeted ES cells were injected into the blastocysts derived from C57BL/6J females. Chimeric male mice were mated with C57BL/6J females to generate heterozygous mice carrying the targeted allele. These mice were mated with the Flpe deleter mouse line (Rodríguez et al., 2000) to remove the neo cassette, leading to the creation of the mice carrying the Zfp521 floxed allele, in which the exon 4 is flanked with two Loxp sequences (see Fig. 3A ). The genotyping for the conditional knock-out mice was performed with the following set of primers: for Zfp521 wild-type and floxed allele, 5Ј-AGTGAGCATCGCAGATCTGA-3Ј and 5Ј-TGAGGAAAACC TGGTTGTCT 3Ј, with the floxed allele showing a larger DNA band after gel electrophoresis.
In situ hybridization and immunohistochemistry. Antisense Zfp521 probe (1.001 kb), Runx1 probe (0.858 kb), VGLUT3 probe (0.771 kb), TH probe (0.788 kb), Piezo2 probe (0.977 kb), MrgprA3 probe (1.15kb), MrgprB4 probe (0.888 kb), MrgprD probe (1.058 kb), P2X3 probe (1.1 kb), and TAFA4 probe (0.75 kb) were amplified from cDNA prepared from adult DRG and labeled with digoxigenin (Roche). The digoxigeninlabeled mGluR5 and SCG10 in situ probes were prepared by in vitro transcription using plasmid DNAs as the templates. For double-color in situ hybridization (ISH), two antisense probes were labeled with digoxigenin and with fluorescein (Roche), respectively. After hybridization, the sections were incubated with peroxidase-conjugated anti-fluorescein antibody (Roche), followed by biotin tyramide (PerkinElmer) treatment and incubation with rhodamine red-conjugated strepavidin (Life Technologies). After taking fluorescent images, alkaline phosphatase (AP)-conjugated anti-DIG antibody (Roche) was applied to the sections overnight and in situ signals were developed with AP reaction. After AP development, bright-field images were taken, converted to pseudofluorescence images, and merged with rhodamine red fluorescent images. ISH/immunohistochemistry and ISH/Tomato double staining was performed as described previously Liu et al., 2010; . Rabbit anti-Runx1 antibody (1:100; Abcam) was used for Figure 5 .
Hairy skin innervation analyses. Back skin (1.5 ϫ 1.5 cm 2 ) from 3 ROSA26 Tomato/ϩ ;Vglut3
Cre/ϩ mice, and MrgprD-GFP mice were collected. Back skins were fixed in 4% PFA, cryoprotected in 20% sucrose, embedded in OCT, and cut into 30-m-thick sections. All sections were counterstained with DAPI (Roche, 1 mg/ml) to identify the keratinocyte layers in the epidermis. Tomato ϩ nerve fibers were directly visualized under a fluorescent microscope, whereas MrgprD-GFP ϩ fibers were visualized by rabbit anti-GFP immunostaining (1:1000; Invitrogen), as described previously (Yang et al., 2013) . To quantify the hair neck region innervation by VGLUT3-Tomato ϩ fibers and MrgprA3-Tomato ϩ fibers, skin sections were first screened under the DAPI channel and only "intact" hairs that started with hair follicle and went all the way through the epidermis were selected for subsequent innervation analyses. We used this unbiased method to collect the images of intact hairs from Ͼ200 visual fields under a 20ϫ Zeiss fluorescence microscope. The numbers of intact hairs in the visual field and the numbers of hair neck regions that were innervated by Tomato ϩ or GFP ϩ fibers were count. At the same time, free nerve endings in the skin epidermis surrounding these intact hairs and the longitudinal lanceolate endings and circumferential endings wrapped around the hair follicles were examined. The experimenters were blinded to genotype on all of these quantitative analyses.
Cell quantification. Lumbar DRGs (L1-L3) from 2-3 mutant and control mice were dissected bilaterally, fixed, and embedded, and sectioned into sections of 14 m thickness. For each probe, three sets of control and mutant DRG sections were processed for immunostaining or used for ISH with the marker of interest and positive cells with nuclei were counted.
Statistics. Results are expressed as mean Ϯ SEM. For quantification of histochemistry analysis, data were subjected to the 2 test. p Ͻ 0.05 was accepted as statistically significant. 
Results

Segregation of
; MrgprA3
Cre/ϩ , respectively. In these mice, neurons with a developmental history of VGLUT3 or MrgprA3 expression are permanently marked by the expression of the red fluorescent tdTomato protein, so these neurons are referred to as VGLUT3- . Therefore, the expression of MrgprD, VGLUT3, and MrgprA3 marks three nonoverlapped groups of DRG neurons, with MrgprA3 ϩ neurons being additionally subdivided into MrgprA3 high neurons that likely represent pruriceptors (Han et al., 2013) and MrgprA3 low /MrgprB4 ϩ c-mechanoreceptors that are proposed to be associated with pleasant touch evoked by massage-like mechanical stimuli (Vrontou et al., 2013) .
MrgprD ϩ , MrgprA3 ϩ , and VGLUT3 ϩ neurons all innervate the hairy skin Liu et al., 2007; Han et al., 2013; , but details of their innervation have not yet been fully characterized. To do this, we first examined MrgprD-GFP reporter mice in which MrgprD ϩ neurons are marked by the expression of green fluorescent protein (GFP) . Immunofluorescent staining against GFP showed that MrgprD-GFP ϩ fibers densely innervate the skin epidermis and wrap around the "neck" of hair follicles (Fig. 1D , arrow). MrgprA3-Tomato ϩ neurons from ROSA26
MrgprA3
Cre/ϩ mice, the terminals of which can be directly visualized under a fluorescent microscope, also innervate the epidermis throughout the hairy skin, but, unlike MrgprD-GFP ϩ fibers, they rarely innervate the neck of hair follicles (Fig. 1E ). VGLUT3-Tomato ϩ fibers form longitudinal lanceolate endings (LLEs) around the middle portion of most hair follicles, an area ventral to the neck region (Fig. 1F ). VGLUT3-Tomato ϩ fibers also innervate the epidermis, but, unlike the broad distribution of MrgprD-GFP ϩ and MrgprA3-Tomato ϩ fibers, VGLUT3-Tomato ϩ epidermal fibers are restricted to the area surrounding a small subset of hairs (see below). In summary, three molecularly distinct Runx1-dependent cutaneous sensory neurons, MrgprD ϩ , MrgprA3 ϩ , and VGLUT3 ϩ , display distinct innervation patterns in the hairy skin (see schematics in Fig. 1D-F ).
Runx1-dependent Zfp521 marks VGLUT3
؉ CLTMs To understand how Runx1-dependent sensory subtypes are specified, we screened the Allen Brain Atlas and found that the zinc finger gene Zfp521 is expressed in a subset of DRG neurons, as well as in the CNS, such as the dorsal spinal cord (http://mousespinal.brain-map.org/imageseries/show.html?idϭ 100012182). In developing DRGs, ISH showed that high-level Zfp521 expression (Zfp521 high ) was established at embryonic stages between embryonic day 13.5 (E13.5) and E16 ( Fig. 2A) . In postnatal day (P30) DRGs, Zfp521 high expression is confined in a subset of neurons (Fig. 2B ). We next found that the number of Zfp521 high neurons in P30 lumbar DRG was greatly reduced in Runx1 conditional knock-out mice (Runx1 F/F ;Wnt1 Cre/ϩ ; Fig.  2B ), in which Runx1 was removed in the neural crest cells, including sensory precursors (Chen et al., 2006) . Double-color ISH of Runx1 and Zfp521 showed that virtually all Zfp521 high neurons (283/293 ϭ 96.6%) coexpress Runx1 and 1/3 of Runx1-expressing neurons coexpress Zfp521 high (283/821 ϭ 34.5%) in P30 L1-L3 DRGs (Fig. 2C, arrows) . In contrast, neurons with low levels of Zfp521 expression do not express Runx1 (Fig. 2C , arrowhead) and, consistently, such low-level expression was still detected in Runx1 F/F ;Wnt1 Cre/ϩ mice (Fig. 2B, arrowhead) . Therefore, Zfp521 high expression marks a subset of Runx1-persistent neurons in adult lumbar DRGs.
As described in Figure 1A , Runx1-dependent neurons include a cohort of cutaneous sensory neuron subtypes. To determine which subtypes of sensory neurons express Zfp521, we performed a series of double staining. We first found that Zfp521 is not expressed in classic nonpeptidergic neurons labeled by the isolectin B4 (IB4) or in classic peptidergic neurons marked by expression of the calcitonin gene-related peptide (data not shown). This expression pattern is reminiscent of that of VGLUT3 ϩ CLTMs (Seal et al., 2009; Delfini et al., 2013; (Fig. 2D, arrowheads) . We reported previously that VGLUT3 lineage DRG neurons are heterogeneous, with 85% and 15% of them expressing VGLUT3 persistently and transiently, respectively . The VGLUT3-persistent portion represents CLTMs that express Runx1 persistently, 2/3 of which can be marked by the expression of TH . We found here that Ͼ80% (154/192) of Zfp521 high neurons coexpress TH (Fig. 2E ). It should be noted that there is an early wave of TH expression in embryonic DRG, the expression of which is downregulated during postnatal development (Lagerström et al., 2010) . We found that these early TH ϩ neurons do not express Zfp521 (data not shown). Therefore, Zfp521 high expression selectively marks the TH ϩ subset of VGLUT3 ϩ CLTMs that emerge mainly during postnatal development and their lineage relationship with embryonic TH ϩ neurons remains unclear. The association of Zfp521 with VGLUT3 ϩ CLTMs is supported by recent gene expression profiling analyses (Usoskin et al., 2014) .
Requirement of Zfp521 for VGLUT3
؉ CLTM development To determine the role of Zfp521 in controlling the specification of these neurons, we generated a mouse line containing a conditional null allele of Zfp521, which is referred to as Zfp521 F/F (Fig.  3A) . In this allele, the 3.3 kb exon 4 is flanked by two loxP sequences and can be removed by Cre-mediated DNA recombination. By crossing Zfp521 F/ϩ mice with VGLUT3-Cre mice and after further crossing, we created Zfp521 conditional knock-out (CKO) mice in which Zfp521 is selectively removed in VGLUT3 lineage neurons. These CKO mice are referred to as Zfp521 F/F ; Vglut3
Cre/ϩ . To label the VGLUT3 lineage neurons with the Tomato reporter, we further generated CKO mice that carry the ROSA26-LSL-tdTomato reporter allele, referred to as Zfp521 F/F ; ROSA26 Tomato/ϩ
;Vglut3
Cre/ϩ mice. ISH using the deleted exon 4 as the probe revealed a marked loss of Zfp521 high neurons (Fig.  3B) . The detection of a few remaining Zfp521 high neurons is consistent with the fact that not all Zfp521 high neurons belong to the VGLUT3 lineage.
We next examined how the development of CLTMs was affected in the Zfp521 knock-out. ISH revealed marked decrease of VGLUT3 expression in lumbar DRGs of Zfp521 F/F ;Vglut3
Cre/ϩ CKO mice compared with the wild-type control (Fig. 3C ). Only few VGLUT3 ϩ neurons remained in the mutant DRGs (Fig. 3C, arrow) , consistent with the fact that Zfp521 high is not expressed in all of VGLUT3 lineage neurons (Fig. 2) 
Cre/ϩ control mice (19.6 Ϯ 1.2% in control, and 19.1 Ϯ 2.4% in CKO mice, p Ͼ 0.05). In these CKO mice, Zfp521 knock-out occurs after the onset of VGLUT3-Cre expression. The loss of VGLUT3 in Zfp521 F/F ; Vglut3
Cre/ϩ CKO mice therefore suggests that Zfp521 is required to maintain VGLUT3 expression. Future knock-out of Zfp521 at early embryonic stages is needed to determine whether the initiation of VGLUT3 expression is dependent on Zfp521.
We reported previously that Runx1 controls other molecular features in VGLUT3 ϩ CLTMs in addition to VGLUT3 itself . We first examined TH expression and found that the percentage of TH ϩ neurons in VGLUT3-Tomato ϩ neurons was significantly reduced in Zfp521 mutant mice (Fig. 3D) 
Cre/ϩ CKO mice, or a 47% loss of TH ϩ neurons ( 2 test, p Ͻ 0.001). TH expression was also reduced by ϳ38% in thoracic DRG (data not shown). TAFA4, a cytokine involved with pain modulation, is expressed mainly in TH ϩ CLTMs (Delfini et al., 2013). We found that TAFA4 expression in VGLUT3-Tomato ϩ neurons is also reduced in Zfp521 CKO mice (Fig. 3E) 
Cre/ϩ CKO mice (data not shown). Furthermore, skin innervation by VGLUT3 lineage neurons, which is impaired in Runx1 CKO mice (see below), is largely unchanged in Zfp521 CKO mice (see Fig. 6C ). Therefore, Zfp521 plays an essential role in establishing a portion of Runx1-dependent molecular features in VGLUT3 ϩ CLTMs, including the expression of VGLUT3 and a portion of TH and TAFA4, but Runx1 uses Zfp521-independent pathways to control Piezo2, a separate portion of TH and TAFA4, and skin innervations.
CLTMs acquired molecular identities of MrgprD
؉ neurons in Zfp521 CKO mice Because Zfp521 is a downstream target of Runx1, it is not surprising that Runx1 expression itself is unaffected in Zfp521 CKO mice (Fig. 4A) . As illustrated in Figure 1A , Runx1 is required for the development of a large cohort of cutaneous sensory neurons. We next investigated whether, in the absence of Zfp521, Runx1 could drive prospective CLTMs to differentiate into other types of Runx1-dependent neurons. To test this, we looked at the expression of markers of other cutaneous sensory neuron subtypes in VGLUT3-Tomato ϩ neurons in control and Zfp521 CKO mice. 
;Vglut3
Cre/ϩ control mice, expression of these four genes in VGLUT3-Tomato ϩ neurons (Fig. 4B-E, left) is either not detectable, such as MrgprD (Fig. 4B) , or is detected at low levels, such as P2X3 (Fig. 4E , arrowheads; in comparison with surrounding neurons with high-level P2X3 expression). In Zfp521 F/F ;Rosa26
Tomato/ϩ
Cre/ϩ CKO mice, the expression of MrgprD, TRPC3, and mGLUR5 is expanded into, and the P2X3 expression levels are elevated in, a portion of Tomato ϩ neurons (Fig. 4B-E, right) . Quantitative analyses showed that MrgprD mRNA was detected in Ͻ2% (25/1370) of VGLUT3-Tomato ϩ in control mice, but the percentage was increased to 34.8% (493/1418) in Zfp521 CKO mice ( 2 test, p Ͻ 0.001). A similar expansion of MrgprD expression was observed in thoracic DRG (data not shown). Notably, no expansion was observed for those sensory channels and receptors that mark other types of Runx1-dependent neurons listed in Figure 1A , such as MrgprA3, MrgprB4, TRPA1, and TRPV1 (Fig. 4F-I (Fig. 4J ) . First, it is required to establish and/or maintain features that are uniquely associated with VGLUT3
ϩ CLTMs, such as the full expression of VGLUT3, TH, and TAFA4. Second, it acts as a genetic repressor of Runx1 that prevents VGLUT3
ϩ CLTMs from acquiring molecular identities that normally belong to a different type of Runx1-dependent neurons: MrgprD ϩ polymodal nociceptors. As shown in Figure 7A and explained in the Discussion (see below), the dual roles of Runx1 in both activating and repressing (through Zfp521) MrgprD indicate that Runx1 and Zfp521 form a classic incoherent feedforward loop (Alon, 2007) 
; Vglut3
Cre/ϩ mice ( 2 test, p Ͻ 0.001; Fig. 5A ). Tomato ϩ neurons expressing MrgprB4 also dramatically increased, from nearly none (1/1523 ϭ 0.1%) in control mice to 51.3% (835/1627) in CKO mice ( 2 test, p Ͻ 0.001; Fig. 5B ). In contrast, expression of other Runx1-dependent genes enriched in Runx1-persistent neurons, such as TRPV1 (Fig. 5C) , MrgprD (Fig. 5D) , and TRPM8 (data not shown), was not derepressed in Tomato ϩ neurons in Runx1 F/F ;ROSA Tomato/ϩ
;Vglut3
Cre/ϩ CKO mice. Therefore, upon the loss of Runx1 at perinatal/postnatal stages, a significant proportion of VGLUT3 lineage neurons are competent to acquire molecular identities that normally belong to MrgprA3 ϩ or MrgprB4 ϩ neurons. We next investigated whether the changes that we observed in the molecular phenotype of VGLUT3 lineage neurons in our conditional knock-out lines are reflected in the patterns of skin innervation and terminal morphologies. There are three types of VGLUT3-Tomato ϩ fibers in the hairy skin. The first one represents fibers from VGLUT3-transient myelinated mechanoreceptors that form the Merkel-cell neurite complexes. As reported previously, this type of innervation is unaffected in Runx1 F/F ; ROSA26 Tomato/ϩ
Cre/ϩ CKO mice . The second type forms free nerve endings in the epidermis surrounding 17% (64/361) of hairs (often in clusters) (Fig. 6A, left) . Little innervation was detected in the epidermis surrounding the remaining majority of hairs in control mice (Fig. 6A , right, small arrowhead). Note that, within the innervated hair clusters, VGLUT3-Tomato ϩ fibers also innervated the neck region of the hair follicle (Fig. 6A, left, arrow) , as Mrgprd-GFP ϩ fibers do (Fig.  1) . In Runx1 F/F ;ROSA26
Cre/ϩ CKO mice, innervation in the neck region of hair follicles and the epidermis surrounding a small subset of hairs is still observed (Fig. 6B, left) , indicating that this type of innervation is independent of Runx1. The third type of VGLUT3-Tomato ϩ fibers forms longitudinal lanceolate endings (LLEs) in most hair follicles (Fig. 6A , right, large arrowhead). In Runx1 F/F ;Rosa26
Cre/ϩ CKO mice, LLEs are lost and became circumferential endings (Fig. 6B , right, large arrowhead), as reported previously . Strikingly, we noticed that Tomato ϩ fibers originating from the base of the circumferential endings started to grow superficially (Fig. 6B, right, arrows) and eventually entered the skin epidermis (Fig. 6B, right, small arrowhead) . As a result, epidermal innervation is now observed throughout the hairy skin. Notably, these fibers do not innervate the hair neck region (Fig. 6B, right) , a pattern mimicking that of MrgprA3-Tomato ϩ fibers described in Figure 1 . Therefore both molecularly and anatomically, a portion of VGLUT3 lineage neurons acquire features belonging to MrgprA3 ϩ neurons in Runx1 CKO mice. In contrast, no innervation defects were observed upon knock-out of Zfp521 in Zfp521 F/F ;Rosa26
Cre/ϩ CKO mice (Fig. 6C) , indicating that Zfp521 only controls molecular identities of VGLUT3 ϩ CLTMs, but not afferent innervations in the skin.
Discussion
Zfp521 is necessary for proper development of VGLUT3
؉
c-mechanoreceptors
The runt domain transcription factor Runx1 coordinates the development of a large cohort of sensory neurons innervating the skin (Fig. 1A) . Our studies support that Runx1 may operate in a cell-context-dependent manner to control the expression of downstream transcription factors that in turn specify sensory neuron subtypes. Specifically, we found that Zfp521, a Runx1-dependent transcription factor, is expressed predominantly in the TH ϩ subset of VGLUT3 ϩ CLTMs, but not in other Runx1-dependent sensory neurons. Zfp521 controls certain Runx1-dependent features in these neurons , including the expression of VGLUT3 and a portion of TH and TAFA4. However, the expression of the mechanically gated ion channel Piezo2, which is lost in Runx1 CKO mice , is unaffected in Zfp521 CKO mice (data not shown). Furthermore, in Runx1 CKO mice, the lanceolate endings formed by TH ϩ CLTMs are transformed to become circumferential endings and also form free nerve endings that grow into the skin epidermis, a pattern reminiscent of MrgprA3 ϩ neurons (Fig.  6) . In contrast, such innervation changes do not occur in Zfp521 CKO mice (Fig. 6) . Therefore, Runx1 uses both Zfp521-dependent and Zfp521-independent pathways to control distinct features of VGLUT3 ϩ CLTMs. The loss of molecular identities, without changing skin innervations, also supports distinct genetic programs controlling these developmental processes, as suggested previously (Gorokhova et al., 2014) .
I-FFLs control sensory submodality segregation I-FFLs are recurring regulatory motifs observed from bacteria to mammals (Alon, 2007) . A salient feature of these regulatory loops is that a transcription factor (or a signal) operates through two opposing legs (activation vs repression) in controlling a target gene (Alon, 2007) . To our knowledge, our studies reveal for the first time that I-FFLs, in genetic terms, are used to control the segregation of a cohort of mammalian sensory neuron subtypes that innervate distinct parts of the skin, including VGLUT3 ϩ CLTMs, MrgprD ϩ polymodal nociceptors, MrgprA3 ϩ pruriceptors, and MrgprB4 ϩ c-mechanoreceptors (summarized in Fig. 7 ). First, Runx1 and Zfp521 form an I-FFL in controlling the molecular identities belonging to MrgprD ϩ polymodal nociceptors. We reported previously that Runx1 is required to establish a large molecular program that defines MrgprD ϩ neurons, such as the expression of MrgprD, P2X3, mGLUR5, and TRPC3 (Dong et al., 2001; Chen et al., 2006; Abdel Samad et al., 2010) , thereby forming a positive leg for this I-FFL (Fig. 7A) . Here, we found that Zfp521, a Runx1-dependent transcription factor, acts as a genetic repressor that prevents Runx1 from activating this molecular program in VGLUT3 ϩ CLMRs (Fig. 4) , thereby forming an opposing repressor leg for this I-FFL (Fig. 7A) . It should be noted that, temporally, expression of Zfp521 is established at E13.5-E16, preceding that of MrgprD, which occurs at E16.5 (Chen et al., 2006; Liu et al., 2008) . This precocious onset of the Zfp521-mediated repression leg may provide a mechanism that preserves a subset of DRG neurons to develop into prospective VGLUT3 (Fig. 7B ). For this I-FFL, Runx1 itself acts as a genetic repressor but might also form a positive leg by establishing an unknown downstream event "X." The negative leg is clearly indicated by the derepression of MrgprA3/B4 in VGLUT3
ϩ CLTMs upon Runx1 knock-out at neonatal stages (Fig. 5) . A previous study further showed that Runx1 uses its c-terminal repression domain to suppress MrgprA3/B4 . The existence of the positive leg and the intermediate X event is suggested from the following observations. MrgprA3/B4 expression in DRGs is completely lost in Runx1 Cre/ϩ ). Left, Innervation of Tomato ϩ fibers surrounding a cluster of hairs in the skin "Area 1," with the arrowhead indicating epidermal ("epi.") innervation and the arrow indicating the neck region of a hair follicle. Right, Skin "Area 2" in which VGLUT3-Tomato ϩ fibers only form the "LLEs" (large arrowhead) without innervation to the skin epidermis (small arrowhead). B, Hairy skin innervation of VGLUT3 lineage neurons in P60 Runx1 CKO mice (Runx1 F/F ;ROSA26 Tomato/ϩ ;Vglut3 Cre/ϩ ). Arrow in left panel indicates normal innervation to the hair follicle neck region of the skin "Area 1"; arrowhead indicates normal epidermal innervation. For the right panel, large arrowhead indicates Tomato ϩ fibers being converted from LLEs to circumferential endings ("C.E.") in skin "Area 2"; arrows indicate fibers growing toward skin surface and terminating the epidermis (small arrowhead). There was no typical innervation to the hair neck (B, right). C, The innervation pattern was not changed in Zfp521 F/F ;ROSA26 Tomato/ϩ ;Vglut3 Cre/ϩ CKO mice compared with wild-type controls (A), including: (1) the retaining of "LLEs" (large arrowheads) and (2) restricted innervation to the skin epidermis (small arrowhead, left) and the neck region (arrow, left) only around a small subset of hairs ("area 1"), but not around most hairs ("area 2"). Scale bars, 50 m.
By forming these genetic I-FFLs, the same Runx1 transcription factor is now able to control the segregation of multiple cutaneous sensory neuron subtypes (Fig. 7C-E) . First, the possible existence of the second I-FFL (Fig. 7B) 
;Vglut3
Cre/ϩ mice, neonatal knock-out of Runx1 leads to a loss of CLTM neuron identities (due to the loss of both Runx1 and Runx1-dependent Zfp521), an inability to acquire MrgprD ϩ neuron identities (due to the loss of Runx1-mediated activation), and a derepression of MrgprA3 and MrgprB4 (due to a loss of Runx1-mediated repression plus the establishment of the putative X event by Runx1 at earlier embryonic stages). As a result, prospective VGLUT3 lineage neurons acquire features that normally belong to MrgprA3 ϩ pruriceptors or MprgprB4 ϩ c-mechanoreceptors in Runx1 CKO mice.
Implication on sensory coding and sensory neuron evolution
In principle, the relative strength of the positive and negative legs of I-FFLs could be tuned in different cellular contexts or species. This modulation could have intriguing implication on sensory coding and sensory neuron evolutions. If the repression legs are completely dominant (i.e., Runx1-mediated repression of MrgprA3 and Zfp521-mediated repression of MrgprD), it could lead to nonoverlapped molecular expression, such as VGLUT3, MrgprD, and MrgprA3, at least at levels detected by in situ hybridization. This could form a genetic basis for the existence of modality-selective sensory neurons, such as the dedication of MrgprA3 ϩ neurons for itch Han et al., 2013) . However, if the repression leg is not completely dominant, it could create variegated expression levels for the same receptors in different sensory populations, as does P2X3 (Fig. 4) . Such variegated expression might form a basis for the "intensity" and "population" encoding strategies for sensory information processing (Ma, 2010 Prescott et al., 2014) . For example, low dosage of a chemical stimulus might selectively activate neurons with highest receptor expression, whereas high dosage stimuli might additionally activate neurons with low receptor expression. According to the population coding theory, combinatorial activation of two or multiple types of sensory afferents could then generate new sensations in the brain (Ma, 2010 Prescott et al., 2014) .
From an evolutionary point of view, a tuning of the relative strength of the activation versus the repression legs could create cross-species variability on the expression of sensory channels and receptors. For example, MrgprD ϩ noiceptors do not express the itch-related MrgprA genes in mice (Dong et al., 2001 ), but they do coexpress MrgprA in rats , which could simply be caused by a reduction in the repression leg and/or an increase in the activation leg of the I-FFLs in rats. In addition, whereas TH ϩ CLTMs represent 6 -19% of DRG neurons at different axial levels in mice , none or Ͻ1% of rat DRG neurons express TH (Price and Mudge, 1983) . Therefore, a given stimulus may activate different constituents of sensory neurons in different species and, according to the population coding hypothesis, it could evoke different behaviors and perceptions (Ma, 2010 Prescott et al., 2014) . Indeed, cheek injection of histamine evokes pure itch-indicating scratching responses in mice (Shimada and LaMotte, 2008) , but evokes mainly pain-indicating wiping in rats (Klein et al., 2011) . In addition, nape injection of chloroquine evokes robust scratching in mice (Han et al., 2013) , but nearly none in rats (Klein et al., 2011) . Such cross-species variability may contribute to the debate regarding to what degree a given animal species can faithfully model human pain and itch (Mogil, 2009 ).
